Enhanced Detectability of Spinning Primordial Black Holes by Kuhnel, Florian
Enhanced Detectability of Spinning Primordial Black Holes
Florian Ku¨hnel1, ∗
1The Oskar Klein Centre for Cosmoparticle Physics,
Department of Physics, Stockholm University, AlbaNova University Center,
Roslagstullsbacken 21, SE–106 91 Stockholm, Sweden
(Dated: Thursday 12th September, 2019, 12:31am)
Primordial black holes which are produced during an epoch of matter domination are expected
to spin rapidly. It is shown that this leads to an enhancement of the detectability of the stochastic
gravitational-wave background from their mergers. For a specific model, we explicitly demonstrate
that this yields a 50 % increase of the gravitational-wave amplitude as compared to the non-spinning
case.
Gravitational-wave astronomy has become one of the
most promising tools for modern observational cosmol-
ogy and astrophysics. In particular, it may be able to
ultimately discriminate the origin of observed merging
black holes, i.e. to tell if these are of primordial origin
[1–4], and in this case, if they could constitute a signifi-
cant part, or possibly all, of the dark matter (see Refs. [5–
24]). In this situation, one expects a measurable stochas-
tic gravitational-wave (GW) background from primordial
black holes (PBHs) which have been merging over a large
fraction of the cosmic history (cf. Ref. [18]). The char-
acteristics of the associated GW signal depends on the
specific mass distribution of the black holes, their veloc-
ities and spins.
Those properties are influenced by the environment
within which the black holes form. Most of the litera-
ture discussing primordial-black hole formation focuses
on gravitational collapse within a radiation-dominated
area. However, several authors have entertained the pos-
sibility that the holes could have also been created dur-
ing an epoch of matter-domination (see Ref. [25, 26] for
original references and Refs. [16, 27, 28] for more recent
discussions). It should be noted that such a phase may
have exist before, and additionally to, the one after the
matter-radiation equality at redshift z ∼ 104, such as
during an epoch after inflation with inflaton oscillations
[29, 30], or during the strong phase transition [25, 26, 31].
One crucial difference to a radiation environment is the
absence of any pressure-gradient force in a matter back-
ground. Adopting the theory of angular momentum in
structure formation [32, 33], the authors of Ref. [34] re-
cently found that rotation plays a very important roˆle in
the formation of primordial black holes within a matter-
dominated area, and that most of these holes were al-
ready rapidly rotating at the time of their formation and
will to a large extent continue to do so until now.
When those black holes merge, depending on how their
spins are oriented to each other, the amount of energy
emitted in gravitational waves will be either larger or
smaller as compared to the non-spinning case, being max-
imal for aligned and minimal for anti-aligned spins [35].
In the Letter, we elaborate on the effect of PBH spin
on the stochastic gravitational-wave background. This is
demonstrated using a specific scenario in which the holes
have been produced during a phase of matter domination.
However, we have to stress that the obtained results are
expected to hold in generic situations in which primordial
black holes form during a sufficiently long period of mat-
ter domination, or have spun up significantly by other
effects.
Below, we will utilise the scenario outlined in Ref. [16],
consisting of two scalar fields which together determine
the spectrum of perturbations: the inflaton field ϕ, which
gives the dominant component to the curvature spectrum
at large scales, and an additional light scalar “spectator”
field s, which was energetically subdominant during the
period of inflation, giving the dominant component at
small scales on which it has a large amplitude.
Concretely, the total curvature power spectrum is as-
sumed to be decomposed by
PR = PR, ϕ + PR, s , (1)
where the first (second) term is assumed to dominate on
large (small) scales. The inflaton perturbations are taken
to produce an almost scale-invariant spectrum in accor-
dance with the observations of the cosmic microwave
background, and shall assume the form
PR, ϕ(k) = Aϕ
(
k
k∗
)nϕ−1+ 12αϕ ln( kk∗ )
, (2a)
with the Planck pivot scale k∗ = 0.05 Mpc−1, the spectral
index nϕ = 0.968 ± 0.006, amplitude Aϕ ≈ 2.14 × 10−9,
and running αϕ = −0.0033± 0.0074 [36]. The perturba-
tion spectrum of the spectator field is assumed to have a
similar form:
PR, s(k) = As
(
k
k∗
)ns−1+ 12αs ln( kk∗ )
, (2b)
with As  Aϕ, ns > 1 and αs ≤ 0.
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2For the spectator-field model under consideration, the
authors of Ref. [16] derive an expression for primordial
black-hole dark-matter fraction within the mass interval
(mPBH, mPBH + dmPBH) at the present epoch,
ψ(mPBH) dmPBH = A
(
mPBH
µ
)−5(ns−1)/6
(3)
× exp
[
log2
(
mPBH
µ
)]
dmPBH ,
which holds between the masses Mmin and Mmax. These
correspond to the smallest and largest scales which be-
come non-linear during the matter-dominated era, re-
spectively; outside of this interval, we have ψ ≡ 0. The
amplitude A can be fixed by requiring that the frac-
tion of dark matter consisting of primordial black holes,
fPBH ≡ ρPBH/ρDM, satisfies
fPBH =
∫ Mmax
Mmin
dmPBH ψ(mPBH) . (4)
The peak mass µ is given by [16]
µ =
(
kreh
k∗
)3
M3Pl T
−2
reh√
16pi3
45 g∗(Treh)
, (5)
with MPl =
√
1/G being the Planck mass, G is Newton’s
constant, and g∗(Treh) denotes the number of relativistic
degrees of freedom, being a function of the reheating tem-
perature Treh (which should be higher than 4 MeV for not
to interfere with big-bang nucleosynthesis [37–40]).
If the primordial black holes produced in this scenario
constitute a significant fraction of the dark matter, fre-
quent mergers will necessarily occur, emitting a spectrum
of gravitational waves. The superposition of this radia-
tion leads to an energy density ρGW and characteristic
strain amplitude [41, 42]
hc(f) =
√
4G
pif2
dρGW
dln f
, (6)
with f being the observed gravitational-wave frequency.
The individual primordial black-hole capture rate has
been derived in Ref. [43] using the criterion that for two
passing black holes (in the following referred to as ’A’
and ’B’) in order to form a bound system, the energy
loss through gravitational waves should be of the order
of the kinetic energy. In the Newtonian approximation
(which should be sufficiently accurate as the cross-section
is much larger than the black-hole surface area), this
leads to the capture rate [43]
τ captPBH(mA, mB) ≈ 4G2 c−10/7 nPBH v−11/7PBH
×(mA +mB)10/7 (mAmB)2/7 , (7)
with nPBH being the primordial black-hole number den-
sity, and vPBH is the relative velocity of the two holes.
Once bound, the merging of the two black holes typi-
cally happens on a time-scale of less than a million years.
In turn, the authors of Ref. [11] derive an expression for
the merger rate per unit volume and per logarithmic in-
terval of masses,
τmerg(mA, mB) =
τ captPBH(mA, mB) ρ(mB)ρDM fDM
nPBHmAmB
, (8)
where ρDM is the dark-matter density of the Universe.
Applied to the spectator-field induced mass distribution
Eq. (3), we note that the merger rate Eq. (8) has the
qualitative behaviour
τmerg ∝ exp
[
− 5
36
αs
{
log2
(
mA
µ
)
− log2
(
mB
µ
)}]
×
(
mAmB
µ2
)2/7−5(ns−1)/6(mA +mB
µ
)10/7
.
(9)
Following Ref. [11], integrating τmerg over the whole
mass range and multiplying it by one half, one obtains
the total merger rate, which can be used to derived the
gravitational-wave amplitude
ΩGW(f) ∝ f2/3
∫ zmax
0
dz
H(z)(1 + z)4/3
(10)
×
∫∫
dmA
mA
dmB
mB
τmerg(mA, mB)
[
mAmB
(mA +mB)1/3
]5/3
,
with the Hubble rate H(z),
H(z)2 = H20
[
(ΩDM + Ωb)(1 + z)
3
+ Ωr(1 + z)
4 + ΩΛ
]
,
(11)
where H0 denotes the value of the Hubble rate today,
and ΩDM, Ωb, Ωr, and ΩΛ are the energy densities of the
dark matter, the baryons, radiation and the cosmological
constant, respectively, relative to the critical density of
the Universe ρc.
The numerical prefactor in Eq. (10) depends on the set
of parameters {fPBH, As, areh/amd, ns, Treh}, where areh
and amd are the scale factors at reheating and at the end
of the matter-dominated phase, respectively. Exemplary,
following Ref. [16], we will make the choice
fPBH = 1 , ns = 3.22 , αs = −0.131 ,
As
Aϕ
= 10 , Treh = 6 MeV ,
areh
amd
= 40 .
(12)
This implies for the cut-off masses: Mmin ≈ 16.15M
and Mmax ≈ 70.2M. With h ≡ H0/100 km s−1 Mpc−1,
one finds
h2 ΩGW(f) ≡ 8.4× 10−11
(
f
1 Hz
)2/3
. (13)
3For the parameter choice mentioned above, the black
holes produced by the spectator-field model under con-
sideration are expected to have close to maximal spin
[27]. The authors of Ref. [35] have conducted a numer-
ical study of black-hole mergers and found, for the case
of both initial spins ~χi being equal to and (anti-)aligned
with each other, that the energy radiated away though
gravitational waves, EGW, can be approximated by
EGW ≈ 0.00258− 0.07730
1.6939− χi , (14)
where χi ≡ ‖~χi‖.
For arbitrarily oriented spins, we will conservatively
assume that this behaviour holds for the components of
the initial spin vectors ~χiA,B projected onto each other,
while the orthogonal components are taken not to change
the amount of radiated energy. Hence, averaging over an
ensemble of randomly-oriented spinning black holes will
lead to a surplus of radiation as compared to the non-
spinning case.
Applying this to the concrete spectator-field model
yields an increase of gravitational-wave radiation of 50 %.
Figure 1 displays the stochastic background amplitude
ΩGW(f), which experiences an according amplification.
This provides an explicit example of a scenario in which
a large number of highly spinning black holes are pro-
duced, and it has been demonstrated how the stochastic
gravitational-wave background signal from their merging
is significantly enhanced.
While the effect of black-hole rotation discussed in
this work is one amongst a number of others, such as
clustering, eccentricity, multi-mergers, tidal forces, or
accretion, which could possibly induce a large modifica-
tion of a detectable gravitational-wave signal as well, it
is necessary to know the size of the spin effect in order
to pursue further the young but long road of precision
gravitational-wave astronomy.
The author thanks Bernard Carr, Lawrence Kidder,
and Bo Sundborg for stimulating discussion, and ac-
knowledges support from the Vetenskapsr˚adet (Swedish
Research Council) through contract No. 638-2013-8993,
and the Oskar Klein Centre for Cosmoparticle Physics.
∗ Electronic address: florian.kuhnel@fysik.su.se
[1] Ya. B. Zel’dovich and I. Novikov, Sov. astron. 10, 602
(1967).
[2] S. Hawking, Mon. Not. Roy. astron. Soc. 152, 75 (1971).
[3] S. W. Hawking, Commun. Math. Phys. 43, 199 (1975),
[167(1975)].
[4] B. J. Carr, Astrophys. J. 201, 1 (1975).
[5] G. F. Chapline, Nature (London) 253, 251 (1975).
��-� ��-� ��-� ��-���-��
��-��
��-��
��-��
FIG. 1: The stochastic gravitational-wave spectrum Eq. (13)
for the spectator-field model of Ref. [16], using exemplary
µ = 12M, vvir = 20 km/s, and fPBH = 1. The red dashed
curve shows the result including spin, while the red solid
curves depicts the (hypothetical) case in which the effect of
spin has been neglected. The dotted and dot-dashed grey
curves represent the expected sensitivities for LISA for the
worst and best experimental designs, respectively [44].
[6] J. Garc´ıa-Bellido, A. D. Linde, and D. Wands, Phys. Rev.
D54, 6040 (1996).
[7] B. J. Carr, K. Kohri, Y. Sendouda, and J. Yokoyama,
Phys. Rev. D81, 104019 (2010).
[8] S. Clesse and J. Garc´ıa-Bellido, Phys. Rev. D92, 023524
(2015).
[9] S. Bird, I. Cholis, J. B. Muoz, Y. Ali-Ha¨ımoud,
M. Kamionkowski, E. D. Kovetz, A. Raccanelli, and
A. G. Riess, Phys. Rev. Lett. 116, 201301 (2016).
[10] B. Carr, F. Kuhnel, and M. Sandstad, Phys. Rev. D94,
083504 (2016).
[11] S. Clesse and J. Garc´ıa-Bellido, Phys. Dark Universe 15,
142 (2017).
[12] A. M. Green, Phys. Rev. D94, 063530 (2016).
[13] J. Garc´ıa-Bellido, J. Phys. Conf. Ser. 840, 012032 (2017).
[14] F. Kuhnel and K. Freese, Phys. Rev. D95, 083508 (2017).
[15] B. Carr, M. Raidal, T. Tenkanen, V. Vaskonen, and
H. Veerma¨e, Phys. Rev. D96, 023514 (2017).
[16] B. Carr, T. Tenkanen, and V. Vaskonen, Phys. Rev. D96,
063507 (2017).
[17] S. Clesse and J. Garca-Bellido, Phys. Dark Univ. 22, 137
(2018).
[18] S. Clesse, J. Garca-Bellido, and S. Orani (2018),
1812.11011.
[19] B. Carr and F. Kuhnel, Phys. Rev. D99, 103535 (2019).
[20] F. Kuhnel, A. Matas, G. D. Starkman, and K. Freese
(2018), 1811.06387.
[21] B. Carr, S. Clesse, and J. Garca-Bellido (2019),
1904.02129.
[22] J. Garca-Bellido, B. Carr, and S. Clesse (2019),
1904.11482.
[23] F. Kuhnel and K. Freese (2019), 1906.02744.
[24] B. Carr, S. Clesse, J. Garcia-Bellido, and F. Kuhnel
(2019), 1906.08217.
[25] M. Y. Khlopov and A. G. Polnarev, Phys. Lett. B97,
383 (1980).
[26] A. G. Polnarev and M. Y. Khlopov, Sov. Astron. 26, 9
4(1982).
[27] T. Harada, C.-M. Yoo, K. Kohri, K.-i. Nakao, and
S. Jhingan, Astrophys. J. 833, 61 (2016).
[28] B. Carr, K. Dimopoulos, C. Owen, and T. Tenkanen,
Phys. Rev. D97, 123535 (2018).
[29] H. Assadullahi and D. Wands, Phys. Rev. D81, 023527
(2010).
[30] L. Alabidi and K. Kohri, Phys. Rev. D80, 063511 (2009).
[31] J. L. G. Sobrinho, P. Augusto, and A. L. Gonalves, Mon.
Not. Roy. Astron. Soc. 463, 2348 (2016).
[32] P. J. E. Peebles, Astrophys. J. 155, 393 (1969).
[33] P. Catelan and T. Theuns, Mon. Not. Roy. Astron. Soc.
282, 436 (1996).
[34] T. Harada, C.-M. Yoo, K. Kohri, and K.-I. Nakao,
Phys. Rev. D96, 083517 (2017), [Erratum: Phys.
Rev.D99,no.6,069904(2019)].
[35] D. A. Hemberger, G. Lovelace, T. J. Loredo, L. E. Kid-
der, M. A. Scheel, B. Szilgyi, N. W. Taylor, and S. A.
Teukolsky, Phys. Rev. D88, 064014 (2013).
[36] Y. Akrami et al. (Planck) (2018), 1807.06211.
[37] M. Kawasaki, K. Kohri, and N. Sugiyama, Phys. Rev.
D62, 023506 (2000).
[38] S. Hannestad, Phys. Rev. D70, 043506 (2004).
[39] K. Ichikawa, M. Kawasaki, and F. Takahashi, Phys. Rev.
D72, 043522 (2005).
[40] F. De Bernardis, L. Pagano, and A. Melchiorri, As-
tropart. Phys. 30, 192 (2008).
[41] E. S. Phinney (2001), astro-ph/0108028.
[42] A. Sesana, A. Vecchio, and C. N. Colacino, Mon. Not.
Roy. Astron. Soc. 390, 192 (2008).
[43] H. Mouri and Y. Taniguchi, Astrophys. J. 566, L17
(2002).
[44] N. Bartolo et al., JCAP 1612, 026 (2016).
